Abstract A set of in-vessel resonant magnetic perturbation (RMP) coils for MHD instability suppression is proposed for the design of a HL-2M tokamak. Each coil is to be fed with a current of up to 5 kA, operated in a frequency range from DC to about 1 kHz. Stainless steel (SS) jacketed mineral insulated cables are proposed for the conductor of the coils. In-vessel coils must withstand large electromagnetic (EM) and thermal loads. The support, insulation and vacuum sealing in a very limited space are crucial issues for engineering design. Hence finite element calculations are performed to verify the design, optimize the support by minimizing stress caused by EM forces on the coil conductors and work out the temperature rise occurring on the coil in different working conditions, the corresponding thermal stress caused by the thermal expansion of materials is evaluated to be allowable. The techniques to develop the in-vessel RMP coils, such as support, insulation and cooling, are discussed.
Introduction
Recent experiments show the importance of suppressing MHD instabilities for high-parameter and high-performance fusion plasma experiments in large size tokamaks and ITER, and substantially the in-vessel coils play an important role in the control mission. ITER is designing in-vessel nonaxisymmetric coils for ELM suppression [1] , and internal coils were also installed in DIII-D, ASDEX-Upgrade, and KSTAR, as well as J-TEXT [2∼6] .
HL-2A is being upgraded to HL-2M. The heating power, plasma parameter and β, as well as the size and the discharge parameters, will be increased [7] . In order to meet the physical needs for such plasmas, a set of in-vessel resonant magnetic perturbation (RMP) coils, which could be used for n = 1, 2, 4 ELMs suppression [8∼12] , is under design. According to the physical requirements, 24 in-vessel RMP coils will be installed in the upper-half of the vacuum vessel (VV). The engineering design of the in-vessel RMP coils is now underway. As each coil is very close to the plasma, the electromagnetic (EM) forces in normal and abnormal discharges will be considered first. SS jacketed mineral insulated cables (MIC) are planned for use in this design. The working conditions, such as high-temperature baking and normal experimental operation, will cause thermal and stress issues. Furthermore, other measures must be taken to ensure the vacuum sealing and to limit the temperature rise. The support, insulation and vacuum sealing in a very limited space are crucial issues that must be carefully considered in the engineering design. Relevant techniques have been well addressed and solved on other tokamaks, such as EAST [13, 14] . In this paper, finite element stress calculations are performed to verify the design of HL-2M, optimize the support by minimizing stress caused by EM forces on the coil conductors and work out the temperature rise occurring on the coil in different working conditions. Thermal analyses of the resistive heating and water cooling of the copper as well as transient temperature during VV baking were performed to evaluate heat removal and thermal stresses.
Coil structure
The RMP coils are symmetrically located in the upper and lower halves of the VV. As the load and structure for a coil are symmetric for both halves, only the upper half is used in the analyses. There are 6 upper coils and 18 lower coils arranged in toroidal rows in the upper half of the VV. All 24 coils are planned to mount the inner surface of the VV and behind the protective armor tiles at the low-field side with support bases welded on the vessel wall, the positions of coils are shown in Fig. 1 . Clamps are used to fix the coils to the support bases. The coils are fed with a current of up to 5 kA, operated in a frequency range from DC to about 1 kHz. MIC will be used for this (Fig. 2) . The cable, which has a maximum working temperature of 600
• C, is made of water-cooled hollow oxygen-free copper conductors (20 mm outer diameter, 8 mm inner diameter) insulated with high purity magnesium oxide (thickness 2.4 mm) and housed inside a 304 SS tube (29 mm outer diameter, thickness 2.1 mm) that forms a vacuum boundary. The insulation resistance between the copper and steel tube is above 100 MΩ which is measured by a 1000 V Meg-ohmmeter. Measures are taken to make the SS tubes electrically insulated from the VV to avoid the SS tubes sharing currents with the VV when a major disruption happens. PEEK, which could withstand more than 300
• C, is proposed as the insulator between the support bases and SS tubes, and the material for the insulator is still under selection. Furthermore, the SS tube itself is non-inductive along a RMP coil by technical measures. 
EM stress analysis
Since the coils are located inside the VV, they are subjected to large magnetic field intensity. The EM loading will be finally supported by the VV via bases deployed along the steel tube. These bases are welded onto the inner surface of the VV. The purpose of this analysis is to optimize the proper positions and distances of support bases to get the minimum deformation and stress on the copper of the coil. The magnetic field where the coils are located are calculated with other codes for different discharge scenarios as the machine designed, such as double-null (DN), singlenull(SN) and limiter discharges, especially the ultimate load conditions. The maximum magnetic field components are, B T =2 T, B r =0.6 T, and B Z = −1.5 T, which are used for the following EM force calculation. The field during a vertical displacement event (VDE) is also investigated, and no clear difference is found in contrast to the above maximum values. Furthermore, as the SS tube is insulated to the VV and itself is noninductive along a RMP coil by technical measures, the eddy current in the SS tube induced by the changes of field and corresponding EM force are omitted. There are some induced currents in the copper coil due to disruptions, and they are ignored in the calculation as the power supplies could reduce the induced currents to a large extent during a major disruption.
Finite element model
EM stress analysis which includes an EM solution and stress solution is performed for I × B force from the coil current. The EM forces will actually be transferred to the SS tube and then supported by the VV. A worse case for the coil is adopted in this finite element calculation, in which the stress and deformation caused by the I × B forces from the coil current are only applied to the copper conductor, without taking account of the mechanical strength enhanced by the SS tube and insulator for the integrated coil structure. Meanwhile, the copper conductor is assumed to be fixed directly to the support bases via clamps and SS studs. This means that the thickness of the stainless tube can be further reduced to meet later higher physical requirements. A 3D finite element model of the lower coil copper conductor is created for calculation using the ANSYS code (Fig. 3) . The model is meshed with hexahedral-shape elements. Different stress and deformation distributions are obtained by changing the position of the support base for different distances and constraining the freedom degrees of nodes located at the support bases to zero. Among these different stress and deformation distributions, a proper distance and position were determined. 
Stress analysis result
The number and locations of the support bases are shown in Fig. 4 . The structures of support bases and clamps are simplified in the figure. There is one support base located at the center of side-arc of the coil, one at the lead, two located bilateral symmetrically at the upper-arc with a distance of S U , and three at the lower-arc, including one at the center of the arc, and two located bilateral symmetrically. The distance between lower-arc support bases is 160 mm, as a constant. The distance between upper-arc support bases is changed from 160 mm to 370 mm, and corresponding stress and deformation are shown in Table 1 . The region that maximum equivalent stress occurs moves from the places next to the upper-arc support bases to the places next to the lead support bases, while the region where maximum deformation happens changes from the fillet between the side-arc and upper-arc to the one between the upper-arc and lead. The maximum equivalent stress and maximum deformation are shown in Fig. 5 and Fig. 6 . According to the result, S U =190 mm is adopted as the position and distance of the upper-arc support bases and the corresponding maximum equivalent stress is 46.1 MPa which is allowable. This provides an expected fatigue life above 1.8×10
9 cycles, sufficient for 3×10
5 full current, 6 s pulses at 1 kHz. In order to determine the location of the lower-arc support bases, keep S U =190 mm, and reduce the number of lower-arc support bases to two by taking off the center one, while keeping the other two bilateral symmetric with a distance of S D . Different equivalent stress and deformation distributions are calculated when S D changes from 190 mm to 320 mm. The stress and deformation result is shown in Table 2 . The region where maximum equivalent stress occurs moves from the places next to side-arc support bases to the places next to lower-arc support bases, while the region that maximum deformation happens changes from the fillet between side-arc and lower-arc to the center of the lower-arc. The maximum equivalent stress and maximum deformation are shown in Fig. 7 and Fig. 8 .
According to the result, S D =300 mm is adopted as the position and distance of the lower-arc support bases when the number of lower-arc support bases is reduced to two and the maximum equivalent stress is 56.3 MPa which is allowable. This provides an expected fatigue life above 1.6 × 10 7 cycles, sufficient for 2.7 × 10 4 full current, 6 s pulses at 1 kHz. If the stress level needs to be reduced to 46.1 MPa, the number of lower-arc support bases should be three. The above analysis for a lower coil can be referenced for upper coils.
Thermal and fluid analysis
The RMP coils operate with a complicated thermal environment. During operation, the coils are mainly heated by resistive heating, the Joule heat generated by the eddy currents in the SS tube, and the thermal radiation from the VV wall. Heat transfers to the coils through the support bases when baking the vacuum vessel to 300
• C, which is a severe condition for the coils. What is worse, heat dissipation is difficult in the VV if active cooling measures are not taken. Large thermal stress will occur if the temperature of the coils keeps rising, which is not expected. The temperature rise is evaluated for each of the three heating processes.
Resistive heating
During operation, currents in the coils contribute to most of the temperature rise, so others are ignored in the analysis. Considering the up and down-ramp of the coil current and the duration of plasma in HL-2M, 6 s is chosen for these calculations. The temperature rise is approximately given by the formula T = I 2 Rt/cm = 10.57
• C (I is 5 kA DC current, R is resistance, t is the duration, c is the specific heat, m is the mass, only the copper conductor is taken into account). The ANSYS code is used to analyze the temperature rise. The initial copper temperature is 25
• C, and the surface of the copper is set as an adiabatic boundary. The maximum temperature rise, as shown in Fig. 9 , is 10.93
• C which is nearly the same as 10.57
• C. If no measures are taken to cool down the coils and the surface of the copper is still assumed as an adiabatic boundary, the temperature rise will go beyond 650
• C, which is not allowed, when 50 shots are carried out every day. It is necessary to cool down the coils after every shot. The water cooling result is worked out by the ANSYS CFX code. The initial temperature of the copper conductor and water is set to 36
• C and 25
• C, respectively. Water with a velocity of 2 m/s is taken as turbulent uncompressible fluid with scalable wall function in this analysis. After 15 s, the inlet copper has nearly the same temperature as water and the outlet copper is 2
• C higher than the water (Fig. 10) . It takes only 25 s to cool down the copper conductor to water temperature. If coil is fed with a 5 kA, 1 kHz alternating current, the skin depth of copper is 2.1 mm [15] , the temperature rise calculated using the RMS value of current is 12.33
• C, a little higher than that in the DC load case, and the cooling time is almost the same as in the DC case. 4.2 Thermal radiation from VV [16] The temperature of VV is about 25
• C during normal operation, therefore it has little thermal radiation effect on in-vessel RMP coils. When baking it to 300
• C, thermal radiation is more significant. The radiation heat load of a coil is calculated without considering the protective armor tiles which keep the coils away from part of thermal radiation form VV, and the result is obtained approximately by the formula as follows:
where A 1 , A 2 and T 1 , T 2 is the area and temperature of the outer coil surface and inner VV surface, ε 1 =0.5 and ε 2 is the emissivity of SS304 and Inconel625.
Then the temperature rise of the copper conductor is T = Φ · t/cm = 2.38
• C (t=15 s is taken into calculation as the duration of radiation), which is a small temperature rise and is easy to be cooled down according to the above analysis regarding resistance heating. Thermal radiation from VV does not significantly affect the coils. [17] During VV baking, heat is transferred to the coils from VV and is taken away by cooling water. Some materials with a low thermal resistance may be chosen for the insulator between support bases and SS tubes, support bases are assumed to directly contact the SS coil surface in the calculation, and 8×10 −5 m 2 K/W [18] is taken as the thermal contact resistance, which is a very small one. A finite element model, including support bases, steel tube, insulator, copper conductor and water, is built for calculation with an AN-SYS CFX code. The surfaces of the support bases in contact with VV have a boundary condition of 300 • C. Cooling water, which has a temperature of 25
VV baking
• C and with a velocity of 2 m/s, is taken as turbulent uncompressible fluid with a scalable wall function. Radiation is ignored in this analysis. The temperature distribution is shown in Fig. 11 . Temperature in the outlet region (not near the support bases) is less than 322.3 K (a temperature rise of 24.3
• C), which is nearly the same as the outlet water temperature. The maximum thermal stresses (Fig. 12) on the steel tube and copper conductor are 395.6 MPa<485 MPa (minimum tensile strength of SS304, ASME code) and 139.6 MPa<205 MPa (minimum tensile strength of soft annealed oxygen-free copper tube, ASTM code), which take place in some regions which contact the support bases.
In the calculation, active cooling is considered with an assumption that the VV wall is unexpandable, this leads to a higher stress which is still allowable. Since keeping all internal components hot will improve baking results, further analysis on the coils without active cooling during baking will be specifically considered, depending on the detail of the next engineering design of the coils, such as the characteristics of the insulators between coils and support bases. Active cooling is taken into account in this calculation to study the feasibility that may be needed later. 
Summary
The structures of RMP coils on a HL-2M tokamak are described. The number and locations of the support bases are determined by EM stress analysis. There is only one support base located at the center of the sidearc, one at the lead, two at the upper-arc (bilateral symmetry, the distance is 190 mm) and two (bilateral symmetry, the distance is 300 mm) or three at the lower-arc (distance is 160 mm, one at the center of arc, two located with bilateral symmetrically). Thermal and fluid analyses show that the coil temperature caused by resistance heating will fall to ambient temperature in about 25 s with a water velocity of 2 m/s. When baking the vacuum vessel, heat transfer through the support bases contributes a greater rise in temperature than thermal radiation from the vessel wall. When an active cooling measurement is taken, the temperature in the outlet region (not near the support bases) is less than 322.3 K (a temperature rise of 24.3
• C) and the stresses caused by thermal expansion of materials are tolerable. Further analysis on the RMP coils without active cooling during baking will be specifically considered after the detailed engineering designs are determined.
